an increase in intercoronary collateralization in anemia. 6 ' 9 Most of these studies have been based on anatomical observations and used an arbitrary grading system. Eck-
SUMMARY
We compared coronary resistances and collateral (retrograde) flows for a group of normal dogs (hematocrit 40) to values for a group of dogs with severe chronic anemia (hematocrit 17). We used an isolated heart preparation in which the vessels were maximally dilated by dipyridamole. All data were compared for a hematocrit of 40. The results showed a significant decrease in coronary resistances with anemia; average resistances ( ± S E ) of the anterior descending, circumflex, and right coronary arteries of the control dogs were 1.04 ± 0.09,0.74 ± 0.01, and 2.63 ± 0.17 mm Hg/ [(ml/min)/100 g], respectively, and 0.6 ± 0.04,0.41 ± 0.05, and 1.17 ± 0.15 for the anemic dogs. Average coronary collateral flows increased in anemia but statistical significance could not be shown. We conclude that increased vascularity is a long-term regulatory mechanism in response to a hypoxic stimulus.
AN INCREASE in coronary blood flow in chronic anemia
has been well documented. 1 " 4 However, whether the increased flow is caused by decreased blood viscosity per se, by changes in vascular tone, or by an increase in vascularity has not been clearly established. It is well known that coronary vasodilation occurs when the oxygen carrying capacity of blood is lowered. 5 Anemia decreases the oxygen reserve and this can lead to a hypoxic state when the metabolic demands of the heart increase. Hypoxia also is considered to be a stimulus for vascular growth, and increased coronary flow could be the result of proliferation of the coronary vasculature. A number of studies also have suggested that there is stein, 10 however, compared retrograde flows in severely anemic and normal dogs and found a significant increase in intercoronary collateral flows with anemia.
Here we have studied the effects of chronic anemia on both the coronary and collateral vasculature in the same heart. The effect of viscosity on resistance was controlled by perfusing all hearts with blood of approximately normal hematocrit. In order to best control extrinsic factors acting on the heart, an isolated heart preparation was used. The experiments were conducted during maximum vasodilation to determine the magnitude of increased vascularity that resulted from anemia.
Methods
We used 26 young adult male mongrel dogs weighing between 15 and 18 kg; 16 served as control and 10 as VOL. 38, No. 6, JUNE 1976 experimental animals. We required a normal electrocardiogram (leads I, II, III) and negative test for microfilaria (heartworm) before selecting dogs for a 2-week conditioning program. This consisted of treatment for intestinal parasites and vaccinations for distemper and hepatitis. After the conditioning period the dogs in the experimental group were lightly anesthetized with thiopental sodium (Pentothal sodium), 30 mg/kg, and bled by 500 ml by gravity from a jugular vein through a sterile intravenous cannula. The blood was collected in sterile centrifuge bottles containing 1,000 units of heparin and centrifuged for 10 minutes at 3,000 rpm. The plasma then was reinfused. These dogs, with an initial hematocrit of 41 ± 1.0, were bled twice weekly for approximately 2 weeks or until the hematocrit stabilized at 15 (hemoglobin range = 4.5 -7.0 g/100 ml). At the same time the bleeding process was started, the experimental dogs were given a special diet (Theracon Co.) and distilled drinking water. The diet contained all standard daily nutritional requirements, but only 0.00016% copper and 0.0010% iron." The dogs thus received a diet which contained V* and V$, respectively, of the minimal daily requirements for these two minerals. 12 Blood smears were obtained from five dogs and a second electrocardiogram was recorded from all dogs at the end of 4 weeks of sustained anemia.
Six weeks after the first bleeding procedure, an isolated heart preparation was used to determine antegrade and collateral coronary flows. For both the experimental and control dogs, the chest was entered through the fifth intercostal space. The circumflex, anterior descending, right coronary, subclavian, and brachiocephalic arteries, as well as the descending aorta (to the first intercostal vessel), were isolated. During the surgical procedure ventilation was maintained with a Bird Mark 7 respirator and 100% oxygen. The dog was heparinized (10,000 units) and rapidly bled through a femoral catheter. At this time the subclavian and brachiocephalic arteries were tied and, as the heart action weakened, the inferior and superior vena cava were cut and the aorta was cross-clamped. This procedure was instituted to avoid the possibility of coronary air emboli.
Just prior to excising the heart, the isolated heart system was primed with 500 ml of fresh blood that had been taken from a donor dog and to which 40,000 units of heparin had been added. The heart was removed from the experimental animal and the aorta was tied to the large cannula of the perfusion apparatus ( Fig. 1 ). Upon Tilling the cannula, the aortic clamp was released to permit coronary perfusion at a constant pressure of 100 mm Hg. The three previously isolated coronary vessels were cannulated individually and blood flow through each of these vessels was measured simultaneously by three cannulating electromagnetic flow probes and Statham SP2202 flowmeters and recorded on a Hewlett-Packard 7750 recorder.
The isolated heart perfusion system was essentially the same as that reported earlier (in which Po 2 , Pco 2 , pH, and temperature were maintained at physiological levels), except that a Bentley PF 127 blood filter was inserted into the arterial blood flow line. 13 The combined effects of the modifications, namely, the surgical techniques for removing the heart, higher heparin levels, 14 and filtering of the blood, allowed the heart to be maintained in a viable state throughout the experimental procedure; that is, control flows remained constant.
EXPERIMENTAL PROTOCOL FOR STUDIES ON THE ISOLATED HEART
The baseline zero, phasic, and mean flows were recorded for each cannulated vessel. Dipyridamole (Persantin, Boehringer Ingelheim, Ltd.) was injected into the blood reservoir (0.5-1.0 mg/kg of body weight) to obtain maximum vasodilation. Maximum vasodilation was confirmed by the absence of a hyperemic response after 30 seconds of vessel occlusion. The pressure of the blood reservoir was lowered to 30, 40, 60, and 80 mm Hg for 3-4 seconds. Between each decrease in pressure, the perfusion pressure was returned to 100 mm Hg to allow control flows to be reestablished.
To determine the collateral flows to the circumflex, anterior descending, and right coronary arteries, the retrograde flow method 13 -15 " 17 was used with the perfusion pressure set at 100 mm Hg. To obtain accurate measurements of collateral flow the tubing leading from the vessel, on which the retrograde flow was performed, had a large (4.76 mm) internal diameter (i.d.). Average pressure drops of the cannulating probe, flow probe, and tubing of the retrograde collection system were 0.30 mm Hg (range, 0.01-0.7 mm Hg). The hydrostatic level at which the retrograde flows were collected was adjusted to the level of the tricuspid valve. Figure 1 depicts schematically a retrograde flow measurement obtained for the right coronary artery. A remote-controlled, motor-driven valve, FR, clamped the tubing and discontinued antegrade flow to the right coronary artery. Valve RR, which normally was closed during conditions of control flow, was opened for 30 seconds. During this time blood flowed retrogradely from the right coronary artery through the electromagnetic flow probe (giving a negative deflection on recorder), and was collected in a graduated cylinder or tapered test tube. After the 30-second collection time, valve RR closed and valve FR reopened. Values for retrograde flow were obtained similarly for the circumflex and anterior descending coronary arteries. For some experimental procedures the retrograde flows were measured before any dipyridamole was injected.
After the heart had been attached to the large cannula, shown on the left in Figure 1 , initial coronary perfusion was via the aorta. The chordae tendineae to the mitral valve were cut to allow all hearts to be examined under unloaded conditions. After the cannulation of the right, circumflex, and anterior descending arteries, the aortic cannula continued to supply the septal artery. The origin of the septal artery in the dog is close to the bifurcation of the circumflex and anterior descending coronary arteries, and arises from the latter. In cannulating the anterior descending coronary artery, the septal artery was not included. Thus, when the retrograde flows were determined before and after clamping the aortic cannula, we obtained a measure of the collateral flow contribution from the septal artery to the other coronary vessels.
After termination of the experiment, the system was calibrated for flows. The hematocrit of the combined donor and experimental dog blood and the weight of the experimental heart were determined.
SYSTEMS CALIBRATION AND CALCULATIONS
To determine the resistances of the coronary vasculature two separate factors had to be considered: (1) The resistance introduced by the Silastic tubing, electromagnetic flow probes (i.d. = 3 mm), and cannulas inserted into the coronary arteries (perfusion system) had to be taken into account. (2) The effect of changes in viscosity (for a given change in hematocrit) have been shown by Levy and Share 18 to be greater for an artificial system than a vascular bed. These will be discussed separately in the following paragraphs.
CALIBRATION OF THE PERFUSION SYSTEM
The perfusion system was calibrated at 37°C using normal saline and blood with hematocrits of 20, 30 and 40. The various hematocrits were obtained by dilution with plasma or addition of packed red blood cells. The pressure drops (P dr ,, p ) between the blood reservoir and the tips of the cannulas inserted into the coronary arteries were recorded with a Hewlett-Packard 1280C pressure transducer for flow rates between 10 and 300 ml/min. An equation of the following general form was fitted to the pressure drop-flow relationship of the entire system: where F is flow, and a and b are constants determined for a given hematocrit by the diameter of the tubing, flow probe, and cannula. The squared flow term in Equation 1 is due to the fact that sections of the system experienced turbulent flow conditions. 19 A typical pressure-flow curve for a flow probe 3 mm in internal diameter and a 12-gauge stainless steel coronary cannula is shown in Figure 2 . The fit between the experimentally obtained data and the equation was determined by an analysis of variance (P < 0.01 for all cases). Depending on the diameter of the coronary arteries, cannulas ranging from 11-to 14-gauge were used. The above calibration procedure was repeated for cannulas of each size.
CALCULATIONS OF VASCULAR RESISTANCE
From the phasic flow pattern of each vessel, the systolic and late diastolic flows were obtained (Fig. 3 ). The average value during late diastole, before the contraction of the heart caused a sharp decrease in flow, was used as the flow value for resistance calculations. It has been shown that this flow most accurately reflects the state of the peripheral coronary vasculature and excludes extravascular forces.. 20 Gregg's observation 20 was confirmed for our preparation by the administration of a concentrated solution of potassium chloride which abolished all mechanical activity of the heart. The resultant steady coronary flow closely approximated the value for coronary flow measured during late diastole of the beating heart.
The method for calculating the coronary resistance from experimental data is shown in Figure 4 . Flow data points obtained for various blood reservoir pressures are shown by squares straight line fit through the data points corrected for the pressure drop in the perfusion system. Analysis of variance indicates that, if the P value is significant, a straight line fit is appropriate. All pressure-flow relations determined in the above manner were significant (P < 0.01). From the slope of this line coronary conductance was calculated (flow/pressure). The inverse yields coronary resistance. To obtain uniformity between hearts of different weights, all coronary resistances were expressed per 100 g of heart weight.
It was shown by Levy and Share 18 and Whittaker and Winton 21 that there is a linear relationship between viscosity and hematocrit for a vascular bed between hematocrit values of zero and 45. From the data of these investigators the following straight line equation (for hematocrit values between zero and 45) was derived. (From Poiseuille's law, if vascular dimensions remain constant, the resistance is directly proportional to viscosity.) R40 = RH + 0.001123 (40 -H), (2) where R <0 = resistance at a hematocrit of 40, R H = resistance determined (by the method shown in Figure 3 ) at the experimental hematocrit, H, and the constant 0.001123 is the slope of the straight line.
From Equation 2 it can be seen that, if the hematocrit during study of the isolated heart was 30 (H = 30), the resistance correction to a hematocrit of 40 increases the value of R H by about 3%.
DETERMINATIONS OF CORONARY COLLATERAL FLOW
Changes in the intercoronary collateral vasculature were, as mentioned earlier, determined by the use of the retrograde flow method. This method has been the subject of some controversy and is believed by some investigators to overestimate 6 ' 22 or underestimate 23 -24 actual collateral flow. However, in this study it was a useful index to determine changes in the intercoronary collateralization since both control and anemic hearts were studied under identical conditions. The resistance of the retrograde flow collection system was kept small with respect to the resistance of the vascular bed for which the retrograde flow was measured. In these experiments the resistance of the retrograde flow system was 0.05 peripheral resistance units (PRU) [mm Hg/(ml/min)]. Consideration also was given to the fact that the coronary perfusion system introduced a pressure drop, which resulted in a lower perfusion pressure for the coronary collateral vessels. This reduced pressure decreased the collateral flow during measurement of retrograde flow. Because retrograde flow is a direct function of the applied pressure, 6 its values were corrected for the pressure drop in the perfusion system as shown by the following example. The blood reservoir pressure was maintained at 100 mm Hg. For a 15 mm Hg pressure drop between the reservoir and the tip of the coronary cannula the measured retrograde flow represented 85% of the anticipated flow. The measured retrograde flow was multiplied by 1.177 (ratio of 100/85) to correct for the pressure drop in the system. In addition the flow also was adjusted to a hematocrit of 40 by the method outlined in Equation 2. However, the latter correction was small with respect to the adjustment for the pressure drop. Pressure drop corrections were particularly important when retrograde flows for control hearts were compared to those in animals rendered anemic. Coronary flows for the latter hearts were considerably higher, leading to larger pressure drops, hence they could produce artificially low values for retrograde flow.
Results

GENERAL OBSERVATIONS
The special diet low in iron and copper was found to be generally palatable by the animals. Once the desired hematocrit level had been reached the degree of anemia was well maintained by the lack of these minerals. Toward the end of the study the dogs seemed somewhat less lively, and an average weight loss of 10% was noted.
All dogs exhibited a normal 6-week electrocardiogram, without any signs of S-T depression or elevation. The average frontal plane magnitude of the R wave vector for the dogs before they were rendered anemic was 1.74 mV at an angle of 60°. The vector magnitude at the end of the study was 1.63 mV at an angle of 69°. A paired /-test indicated no significant differences (P > 0.2 for magnitude, and P = 0.1 for the angle). A common finding for anemic patients is a lowered T wave. 25 A vector analysis of the T waves before and after anemia showed an average magnitude of 0.23 mV at an angle of 71° before anemia, and a magnitude of 0.22 mV at an angle of 66° after anemia. A paired ttest revealed no significant differences (P > 0.9 and P > 0.5, respectively). This lack of T wave changes also was interpreted as indicating that ventricular hypertrophy had not occurred. This impression was substantiated by the fact that the ratios of heart weight to body weight for normal dogs were 0.0095 (SEM = 0.0003) compared to 0.0107 (SEM = 0.0005) for the anemic dogs. The difference was not statistically significant.
For five anemic dogs, blood smears were prepared 2-3 days before the end of the study. Two populations of red blood cells were noted. The majority of the red cells were small and hypochromic, and showed mild to moderate variation in size; occasional blister cells were found. Normoblasts were not seen. A small number of red blood cells appeared normal in size, shape, and color. A comparison of white blood cells of the anemic dogs with those of control dogs showed no pronounced differences. Platelets were elevated 2-fold in anemic dogs. The average duration of isolated heart perfusion required for data collection was 45 minutes. Immediately after administration of dipyridamole, heart rate decreased by 10% (from mean of 96 to 86 beats/min) in both groups of experiments (control and anemia, P < 0.01). The late diastolic, mean, and systolic flows increased by 10-30% for anemic dogs (P = 0.05) and up to 70% for the control group (P < 0.05). Diastolic to systolic time ratios increased by 30% (P = 0.02); this was caused mainly by an increased diastolic time interval.
CORONARY VASCULATURE
All essential data on coronary and collateral flows were obtained after cannulation of the vessels and vasodilation with dipyridamole. The experimental protocol was repeated several times and showed good reproducibility. The average hematocrits for control and anemic dogs during the isolated heart procedure were 40 ± 1 and 30 ± 1, respectively. Table  1 shows the average late diastolic flows through the anterior descending, circumflex, and right coronary arteries, measured during the isolated heart procedure at maximal vasodilation. All coronary flows for the anemic dogs were greater than the respective flows for controls. The average coronary resistances were calculated after data for each individual experiment had been corrected for pressure drops in the system, based on 100 g of heart weight, and adjusted to a hematocrit of 40. The resistances of the anterior descending, circumflex, and right coronary arteries of anemic dogs were decreased by 42.3% (P < 0.01), 44.6% (P VOL. 38, No. 6, JUNE 1976 < 0.01), and 35% (P < 0.01), respectively, in comparison to values for control animals.
CORONARY COLLATERAL VASCULATURE
The results of the retrograde flow measurements performed on the anterior descending, circumflex, and right coronary arteries of control and anemic dogs are shown in Table 2 . The values shown represent the total flow contribution by all collateral vessels (including the septal artery contribution) supplying a given coronary artery for which the measurement was made. It can be seen that the corrected retrograde flows were higher in comparison to the measured flows. Although the corrected flows for anemic dogs were increased by 31%, 28%, and 60% for the anterior descending, circumflex, and right coronary arteries, respectively, a nonpaired Mest did not indicate a significant difference. This was due to the rather wide differences in collateralization between individual dogs. However, to test the interpretation of the above results we considered the phenomenon of coronary steal in our preparation. 26 For five control and six anemic dogs the collateral flows were determined before and after the administration of dipyridamole. Although coronary flows increased significantly in both normal and anemic dogs (P < 0.01) after dilator administration, the retrograde flows, corrected for pressure, did not show a significant change when a paired Mest was used (P = 0.25 for anemic, P = 0.20 for control dogs). We concluded that coronary steal was not a factor in reducing collateral flows in the anemic animals.
In 11 control experiments and five experiments on anemic hearts the retrograde flows were determined with and without the contribution of the septal artery. The average increase in retrograde flows, when the septal artery was perfused, was 27% (paired /-test, P < 0.01) and 45% {P < 0.01) for the control and anemic dogs, respectively.
Discussion
The results of this study indicate a quantitative difference in the response of the coronary and coronary collateral vasculature to a hypoxic stimulus. Coronary resistance in anemic dogs was reduced by almost one-half when compared to values for control dogs. On the other hand, although the average collateral flow was increased by anemia, this increase was not statistically significant.
To our knowledge there has not been a systematic study of the coronary and collateral circulation on the same heart in anemia. Studies to date have been concerned with either the coronary circulation 1 ' 4 or the collateral circulation. 6 " 10 The results of our studies, as far as the coronary circulation is concerned, are in good agreement with results of earlier investigations. In contrast to prior experiments our studies were carried out on a maximally dilated vascular preparation and thus eliminated possible differences in vascular tone between control and anemic dogs. The isolated heart preparation also provided a further advantage by allowing most extrinsic factors, such as pressure, nervous influences, blood-gas values, pH, heart load, and hematocrit to be controlled. Thus, in the present study the higher coronary flow values obtained for anemic hearts are believed to be due to an increased vascularity of the coronary bed. An increased vascularity, in turn, implies a greater coronary flow to and oxygen reserve for the myocardium.
Eckstein 10 investigated the coronary collateral circulation in dogs with extremely severe anemia (hemoglobin level of 2.6 g/100 ml) by the retrograde flow method. Our studies did not show as dramatic an increase in collateral flow as did his but the anemia was less severe in our preparation (hemoglobin = 5.6 g/100 ml).
An increased vascularity of the coronary circulation has been observed in several types of experimental studies, such as high altitude acclimatization, 27 -28 anemia, 7 -8 -'°e xercise, 29 -30 and valvular heart diseases. 31 In the first two cases it would seem fairly evident to consider hypoxia the stimulus for vascular growth; however, in exercise and valvular heart diseases the evidence is of a more indirect nature. A heart exposed to an elevated load has to do additional work and this translates into an increased oxygen demand. If the increased oxygen demand is to be met adequately, coronary flow must increase because, as coronary blood passes through the myocardium under normal conditions 65-80% of the oxygen is removed. This increased blood flow reaches the subendocardium only during diastole because increasing myocardial compressive forces toward the endocardium limits coronary flow during systole. 32 " 35 During heavy exercise and valvular diseases the normally prevailing homogeneity of epicardial and endocardial perfusion is disturbed and results in subendocardial ischemia. 36 -37 If the load on the heart is sustained, the long-term regulatory mechanism in response to the hypoxic stimulus is an increased vascularity. Increased vascularity of the coronary collateral or intercoronary circulation also has been shown in anemia 7 -8 - 10 and coronary artery disease. 13 -15 -38 -39 In fact, when a coronary artery is gradually occluded, coronary collateral flow can increase 20-fold, but changes in the coronary vasculature, several months after coronary occlusion, are not significant. 13 In the present study on the coronary vasculature, anemia was associated with a marked increase in coronary vascularity, and no consistent increase in coronary collateral flow.
To interpret the results of this study one could think in terms of "oxygen gradient." When all coronary arteries are perfused with blood which has a low oxygen-carrying capacity (anemic animals), both the coronary and collateral vasculatures are exposed to a state of hypoxia. The coronary vessels of the endocardium are acted upon by two negative influences as far as oxygenation is concerned: (1) the decreased oxygen-carrying capacity of the blood, and (2) extravascular forces. In a recent study Brazier et al. 36 showed that, despite a marked augmentation in coronary flow, subendocardial ischemia (not reflected in epicardial electrocardiographic changes) and an altered flow distribution occurred with acute anemia (Hb < 5 g/100 ml). Thus, in chronic anemia the hypoxic gradient between epicardial and endocardial layers of the heart might lead to an increased vascularity of the coronary vascular bed.
In the dog the intercoronary collateral circulation is mainly epicardial.* 0 Although there is a hypoxic stimulus in anemia for collateral vascular growth, this stimulus is not as strong in the epicardial layer as it is in the endocardial layer. Therefore, one might expect the increase in vascularity of the coronary bed to be greater than the increase in vascularity in the intercoronary collateral vasculature.
